The excited hyperon Λ(1405) is the important building block for kaonic nuclei which are nuclear many-body system with anti-kaons. We have been investigating the Λ(1405) resonance with the coupled-channel Complex Scaling Method (ccCSM) in which the Λ(1405) is treated as a hadron-molecular state of aKN-πΣ coupled system. We use aKN(-πY ) potential based on the chiral SU(3) theory. In this article, we report the double-pole nature of the Λ(1405), which is a characteristic property predicted by many studies with chiral SU(3)-based models. With the help of the complex-range Gaussian basis in ccCSM, we have found successfully another pole besides a pole near theKN threshold (called higher pole) which was found in our previous work with the real-range Gaussian basis. The new pole (called lower pole) is found far belowKN threshold: (M, −Γ/2) = (1395, −138) MeV when f π = 110 MeV. In spite of so broad width of the lower-pole state, the state is clearly identified with good separation from continuum states, since the oscillatory behavior of the continuum states is improved owing to the complex-range Gaussian basis. Analyzing the ccCSM wave function of the lower pole, we have revealed explicitly that the lower-pole state is dominated by the πΣ component rather than theKN component. We have confirmed that the ccCSM wave function is correctly connected to the asymptotic form of the resonance wave function. Estimating the meson-baryon mean distance for the lower-pole state which involves a large decay width, the obtained value has a large imaginary part comparable to a real part. Therefore, the meandistance of the lower-pole state is difficult to be interpreted intuitively. Such a nature of the lower pole is different from that of the higher pole. In addition, we have investigated the origin of the appearance of the lower pole. The lower pole is confirmed to be generated by the energy dependence attributed to the chiral dynamics, by comparing the result of an energy-independent potential.
component rather than theKN component. We have confirmed that the ccCSM wave function is correctly connected to the asymptotic form of the resonance wave function. Estimating the meson-baryon mean distance for the lower-pole state which involves a large decay width, the obtained value has a large imaginary part comparable to a real part. Therefore, the meandistance of the lower-pole state is difficult to be interpreted intuitively. Such a nature of the lower pole is different from that of the higher pole. In addition, we have investigated the origin of the appearance of the lower pole. The lower pole is confirmed to be generated by the energy dependence attributed to the chiral dynamics, by comparing the result of an energy-independent potential.
Keywords:KN-πY system, Λ(1405), complex scaling method, chiral SU(3) theory
Introduction
Nuclear system with anti-kaons (K = K − ,K 0 mesons) has been an important topic in strange nuclear physics and hadron physics, since the strong attraction between anti-kaon and nucleon is expected to provide a dense nuclear state [1, 2] . To know the detailed property of such an interesting system, we have investigated finite nuclear system with anti-kaon, which is called as kaonic nuclei. Many works have been devoted to the study of a three-body system of "K − pp" (two nucleon with an anti-kaon), which is a prototype of kaonic nuclei [3, 4, 5, 6, 7] . According to the past studies, the binding energy and decay width of K − pp depend on theoretical approaches; the K − pp binding energy is ranging from 20 to 90 MeV, and decay width is more than 40 MeV [8] . Therefore, the conclusive result has not been achieved in theoretical studies. However, all theoretical studies commonly suggest that K − pp exists as a resonant state betweenKNN and πΣN thresholds and that the coupling ofKN and πΣ is important for this system.
Motivated by such current situation of theoretical studies, we have started a project to investigate kaonic nuclei with coupled-channel Complex Scaling Method "ccCSM". The ccCSM is a suitable method to investigate the kaonic nuclei since this method can treat simultaneously two important ingredients in the study of the kaonic nuclei: 1. coupled-channel problem and 2. resonant state. In particular, it has been well confirmed in many studies of unstable nuclei that the complex scaling method is quite effective to inves-tigate resonant states [9] . As the first step of our attempt, we applied the ccCSM to a two-bodyKN-πY coupled system [10] . Dealing with both resonance and scattering problems in the single framework of the ccCSM, we studied the scattering amplitude of theKN-πY system and the property of the resonance in the I = 0 channel which corresponds to the Λ(1405).
In this article, we make a deeper consideration on the I = 0 resonance pole ofKN-πΣ system because of following reasons. Resonance poles are important components of scattering states, although the pole itself is not a direct observable measured by experiments. If resonance poles are well understood in a scattering system, the scattering state can be decomposed into resonant and non-resonant components. We can extract resonance nature from the scattering system by performing such analysis. In particular, using the complex scaling method we can discuss on the resonance pole in the same way as bound states, since the CSM provides a resonance wave function explicitly. In past studies of theKN-πΣ system, the resonance nature was investigated via the analysis of the wave function on the real-energy axis [11, 12, 13] . On the other hand, we investigate directly the wave function of resonance-pole state. In other words, we analyze the resonance wave function at the pole on the complex-energy plane.
In the I = 0KN-πΣ system, there is an interesting nature which is socalled double-pole structure of Λ(1405). We use aKN-πΣ potential which is based on the chiral SU(3) theory [11] , since the pion and anti-kaon of Nambu-Goldstone bosons follow the chiral dynamics. It was pointed out in Refs. [14, 15] that there appear two poles in the I = 0 channel of theKN-πΣ system when the Λ(1405) resonance is considered with a chiral SU(3)-based interaction. One pole (called higher pole) appears close to theKN threshold involving a small decay width, while the other pole (called lower pole) appears far below theKN threshold involving a large decay width. In the further study [16] , such a double-pole structure of Λ(1405) was confirmed in several models of coupled-channel chiral dynamics [17, 18, 19, 20] . They showed that the higher pole is originated from aKN bound state, whereas the lower pole comes from a πΣ resonance state. As a result of these studies, the higherpole position is well established to be around (M, −Γ/2) = (1420, −20) MeV, although the lower-pole position depends strongly on models. The decay width of the lower pole is obtained to be quite large compared to the higher pole. It is noted that some of latest studies [21, 22, 23] report slightly different positions of the double pole from those of earlier studies. Anyway, such a double-pole structure is generated by the energy dependence of the chiral SU(3)-based interaction [24] . Therefore, it is considered that the double-pole structure of Λ(1405) is an important consequence of the chiral dynamics.
In our previous study with ccCSM [10] , since the lower pole was not so clearly found, we were not able to conclude its existence. The pole that we found in the I = 0 channel corresponds to the higher pole, since its complex energy is similar to the known value of the higher-pole energy. The lower pole is expected to exist, because our potential is based on the chiral theory. In our previous analysis, it was hard to find a resonance pole with a broad width such as the lower pole by means of the complex scaling method with an ordinary real-range Gaussian basis that we used, since a broad resonance is not easily separated from the continuum states, because of the limitation of the real-range Gaussian basis for describing the oscillatory behavior of the wave function. Recently, Kamimura et al. proposed the use of the complexrange Gaussian basis in the complex scaling method, instead of the real-range Gaussian basis which has been used so far. They applied this new basis to the description of resonant states of 12 C with 3α-cluster model. They succeeded in finding broad resonances which were difficult to be found with the usual complex scaling method using the real-range Gaussian basis. [25] .
In this article, we apply the complex-range Gaussian basis to our coupledchannel Complex Scaling Method, in order to find clearly the lower pole of the I = 0KN-πY system and investigate its wave function. The contents of this article is as follows. We explain our formalism, in particular, on the complex-range Gaussian basis in the section 2. In the section 3, we show the result of our calculation and make an analysis of our result. We summarize the present study and mention on our future plan with this method in the section 4.
Formalism
We are investigating resonance states of theKN-πΣ coupled system with the s-wave and isospin zero by means of the coupled-channel Complex Scaling Method (ccCSM). In the ccCSM, HamiltonianĤ is complex-scaled: r → re iθ and k → ke −iθ , r and k are the coordinate and its conjugate momentum, respectively. When the complex-scaled HamiltonianĤ θ is diagonalized with a square-integrable function, complex eigenvalues for continuum states distribute along with lines tan −1 (Im E / Re E) = −2θ running from thresholds (so-called 2θ line) on the complex-energy plane. On the other hand, complex eigenvalues for resonance states appear off the 2θ line and they are indepen-dent of the scaling angle θ. Then, we can find the resonant states. Detailed explanation of the ccCSM is given in Ref. [10] .
In the studies of resonances with the complex scaling method, the Gaussian basis function has been often employed because of its convenience for the analytical calculation of matrix elements. In the present study, we use the Gaussian functions with complex range parameters as proposed by Kamimura et al. [25] :
where N (±) n means a normalization factor, {a n } is a real range parameter, and ±iω is introduced to make the range parameters complex. Considering the linear combination of the basis functions {G (±) n (r)}, they are equivalent to Gaussian functions with trigonometric functions:
Compared with the real-range Gaussian basis which has been used so far in the complex scaling method, the complex-range Gaussian basis describes better the spatially oscillatory behavior of eigenstates for the complex-scaled Hamiltonian as expected by its trigonometric nature.
To find resonant states with large decay widths, the description of continuum states is also important, because such broad resonances tend to mix with the continuum states. In case of the real-range Gaussian basis, the eigenvalues ofĤ θ for the continuum states often deviate from 2θ line gradually with increase of the imaginary energy. This is due to the limitation for description of the spatial oscillation. In addition, we need complex-rotation of the Hamiltonian with large angle θ, when we search for such broad resonances. However, the oscillation of the resonance wave function is more enhanced, getting larger θ. Therefore, it becomes difficult to find broad resonances with the real-range Gaussian basis. With help of an analytic continuation in the coupling constant, people has evaluated the complex energy of broad resonances in the complex scaling method. (ACCC+CSM [26] ) Using the complex-range Gaussian basis, we expect that resonances with broad decay width can be clearly obtained.
Other set up for the present study of the s-wave and isoscalarKN-πΣ system is the same as that for our previous study [10] . The wave function of s-wave and isoscalarKN-πΣ system is given as
The spatial part of wave function, φ l=0 α (r), is complex-scaled in the ccCSM. We expand the complex-scaled wave function φ l=0, θ α (r) with the complexrange Gaussian basis,
The complex parameters {C
(sin),n } are determined by diagonalization of the complex-scaled HamiltonianĤ θ . The real-range parameter for these basis functions, which is described as {a n } in Eqs. (2) and (3), is generated by geometric progression: a n = 1/b 2 n and b n = b 1 γ n−1 . In this study, the parameters b 1 and γ are taken to be 0.2 fm and 1.2, respectively. As for the imaginary-range parameter ω, we will mention in the next section.
We remark on the normalization and the norm of resonances in the ccCSM. The total wave function given in Eq. (4) is normalized to unity when it is complex-scaled. As a result, norms of all channels are summed up to be 1; α φ l=0,θ α |φ l=0,θ α = 1. On the other hand, the norm of each component can be a complex value and exceed the unity in our study as shown in latter sections, since the ccCSM is based on Non-Hermitian quantum mechanics [27] , differently from the standard quantum mechanics that treats Hermitian. Although the probabilistic interpretation is no longer available here, we refer the norm in our analysis since it is a useful indicator to know major/minor components.
As for Hamiltonian, we use a chiral SU(3)-based potential with Gaussian form given in the coordinate space which we proposed in our previous paper [10] . Since we consider the non-relativistic kinematics in this paper, we employ the non-relativistic versions of our potential ("NRv1" and "NRv2"). Here, we remark on our potential. Since it is an energy-dependent potential, we need to consider the self-consistency for the complex energy when we search for resonance poles. Such self-consistency is correctly treated in the present study as explained in detail in the previous paper. 
Result

Lower pole of the I = 0KN-πΣ system
We can find the lower pole ofKN-πΣ system in I = 0 channel with the coupled-channel Complex Scaling Method. Using the complex-range Gaussian basis, we have obtained clearly another self-consistent solution of the energy-dependent Hamiltonian as well as the solution corresponding to the higher pole which has been reported in the previous work [10] . Fig. 1 shows the distribution of the complex-energy eigenvalues obtained for f π = 110 MeV case. To identify the lower pole clearly, we need the complex scaling with a large angle as 40
• , since the lower pole has large imaginary energy compared with the real energy. Certainly, with a realrange Gaussian basis, we obtain a self-consistent solution which corresponds to a lower pole. However, since eigenvalues belonging to the continuum states are deviated from the 2θ lines as depicted with black circles in Fig. 1 , we can not conclude the existence of the solution of the lower pole. When we use the complex-range Gaussian basis, description of continuum states is improved. Their eigenvalues appear well along with the 2θ lines. (Red diamonds in Fig. 1 ) The lower pole is confirmed to be prominently separated from the continuum states. Table 1 : ω dependence of lower and higher poles at θ = 40
• . All poles are obtained to satisfy the self-consistency for the complex energy. (M, −Γ/2) means the complex energy of the pole. The potential NRv2 (f π = 110 MeV) is used. We have checked the stability of the lower pole. As shown in Table 1 , it is confirmed that the complex eigen energy of the lower pole is almost independent of the imaginary part of the complex range, ω, of the Gaussian basis. The θ trajectory has been also checked as shown in Table 2 . Since the lower pole has large imaginary energy, its complex energy becomes stable at large angle around θ = 40
• . It is also confirmed that the lower-pole energy is stable for the number of basis N in Eq. (5) . N is taken to be 40 in usual calculation, but it is increased upto 130 to check the numerical stability of the lower pole. In addition, we have confirmed that the higher pole is very stable in all trajectories because of the small imaginary energy of the state.
In Table 3 , we summarize the complex energy of lower and higher poles calculated with the NRv2 potential when f π value is varied from 90 to 120 MeV. The higher-pole energy is not so dependent on f π value, while the lower-pole one is found to change drastically depending on f π value. As explained in the previous work [10] , the potential used here is constrained by theKN scattering length at each f π value. Since the higher pole appears close to theKN threshold, its property is governed by theKN dynamics. Actually, the dominant component of the higher pole is found to be theKN component as is shown in the next section. On the other hand, the lower pole appears far from theKN threshold, rather close to the πΣ threshold. Hence the lower pole is considered to be related to the πΣ dynamics. Since the present potential is determined under the constraint forKN observable, not πΣ one, the potential does not restrict so strongly the lower-pole property. Therefore, as shown in Fig. 2 , on the complex-energy plane the higher pole appears in the narrow area (enclosed by the dashed-line circle in the figure) independently of f π , whereas the lower pole moves in the wide region, depending on the f π value.
We note that the higher-pole energy is very stable with respect to the choice of the basis functions. In Table 3 , the values with parentheses on the higher-pole column are those obtained with the real-range Gaussian basis at θ = 30
• [10] . The higher-pole energy is confirmed to be quite the same between both present and previous calculations. Therefore, in this article the higher pole is calculated in the same condition as for the lower pole, namely by the complex-range Gaussian basis with ω = 2.0 at θ = 40
• .
Properties of the lower pole
We investigate the property of the lower-pole state which is obtained with the ccCSM using the complex-range Gaussian basis. In this section, the case of the NRv2 potential with f π = 110 MeV is discussed as a typical result of our calculation.
Figs. 3 and 4 show the ccCSM wave functions of the lower-pole and higher-pole states, respectively. In the calculation of those states, we use the complex-range Gaussian basis with ω = 2.0. The complex energy (M, −Γ/2) of the pole considered here is (1395.2, −137.9) MeV for the lower pole and (1417.9, −16.6) MeV for the higher pole. As shown in Fig. 3 , the πΣ component dominates in the lower-pole wave function. The wave function, particularly at large distance, consists of almost only the πΣ component, while theKN component exists at small distance. We can see an oscillatory behavior of the πΣ wave function at far distance. Such the oscillatory behavior can be described owing to the complex-range Gaussian basis. On the other hand, the higher-pole wave function shown in Fig. 4 is dominated by thē KN component which is well localized at small distance as reported in the previous paper [10] . In the figure, we see almost no oscillatory behavior in the higher-pole wave function at large distance, in spite that the complex-range Gaussian basis is used for the calculation. We consider that the higher-pole state is almost equivalent to theKN bound state.
Using the complex-range Gaussian basis, we have obtained a stable solution of the lower pole as a result of the improvement of the radial behavior of the resonance wave function. To check the reliability of the lower-pole wave function expanded with the complex-range Gaussian basis, we compare the ccCSM wave function with its asymptotic form which is determined analytically by the complex resonance energy. The asymptotic form of a resonance wave function is known to be exp(ik R r)/r with the complex wave number k R . The complex-scaled asymptotic wave function is given as
where the symbol (c) indicates a channel and r θ is re iθ with the scaling angle θ. The complex wave number k (30) fm. In addition, the asymptotic wave function is found to reproduce the ccCSM wave function even in the short distance region (∼ 1 fm). It is worth to check how far in the distance the ccCSM wave function agrees with the asymptotic one. For this purpose, we show the πΣ wave function in a range of r = 50 ∼ 200 fm in Fig. 7 . The ccCSM wave function of the πΣ component deviates from the asymptotic wave function at very large distance. It is noticed that the πΣ wave function retains a very small but sizable magnitude even in more than 100 fm, whereas the asymptotic wave function is completely damped down there. This deviation does not affect the normalization of the wave function because of the relatively very small amplitudes at this large distance region. Thus, the complex-range Gaussian basis is found to be effective for the study of the double-pole structure of Λ(1405). By using the complex-range Gaussian basis, the lower pole as well as the higher pole is obtained as a stable eigen solution. The ccCSM wave functions of both poles are confirmed to reproduce well the asymptotic behavior of resonance wave function within the distance of around 30 fm. Hereafter, we perform further analysis of the double-pole states with these wave functions. Table 4 shows the composition of the higher-and lower-pole states. The norm of each component is calculated as φ l=0,θ α |φ l=0,θ α (α =KN, πΣ), where φ l=0,θ α (r) is the spatial part of the ccCSM wave function in the channel α, defined in Eq. (5). We expect that this quantity is useful to know the composition of the resonances, while the quantity is complex value. It is noted that the sum of the quantities "Norm (KN)" and "Norm (πΣ)" in Table 4 should be unity due to the normalization of the state, as explained in the section 2. For the lower pole, the πΣ norm is apparently larger magnitude than theKN norm, wheres theKN norm is reversely large magnitude for the higher pole. This result also means that the major component is the πΣ in the lower pole, and theKN in the higher pole, as Figs. 3 and 4 indicated.
We further consider the size of the lower-pole state, as we did for the higher-pole state in the previous paper [10] . Certainly, the lower-pole wave function is well described with the complex-range Gaussian basis. However, the description at far distance is found to be insufficient: the ccCSM wave function of the lower-pole state deviates from the asymptotic form, as shown Table 5 : Meson-baryon mean distance calculated with the ccCSM wave function connected to its asymptotic form. the lower-and higher-pole states given in Table 4 are considered. The values of r 2 K N , r 2 πΣ and r 2 K N +πΣ are the mean distance of theKN component, the πΣ component and total system, respectively. All values are given in unit of fm. in Fig. 7 . Although the amplitude of the ccCSM wave function is very small to be ∼ 10 −5 at 50 fm, this tiny deviation causes a problem in the calculation of the mean distance between the meson and the baryon (MB distance); the convergence of MB distance is very slow with respect to the basis number N, in spite that the pole energy has been sufficiently converged. To overcome this problem, we utilize the asymptotic form of the ccCSM wave function, Eq. (6), only for the calculation of the MB distance. We use the ccCSM wave function in a short region r < s ). Calculated in this way at each f π value given in the Hamiltonian, the mean distance of the lower-pole state is stable for the number of basis as well as the scaling angle. The result is shown in Table 5 . It is found that the mean distance is extremely a small value for the real part, especially in the πΣ component. We consider that in such broad resonances like the lower-pole state, it is difficult to introduce the physical meaning of the expectation value of the mean distance. As shown in Table 5 , the mean distance for the lower-pole state has large imaginary part, which is comparable to the real part. This situation is different from the case of the higher-pole state in which the imaginary part of energy and mean distance is still small. Hence we can not make an intuitive interpretation of the calculated mean distance in the lower-pole case, even though its matrix element is stably obtained for the Hamiltonian with a f π value given. It is noted that the mean distance of the higher-pole state given in the table is not so different from that reported in our previous paper [10] in which the asymptotic form is not used.
At the end of this section, we comment on interpretation of the MB distance obtained in the ccCSM calculation. In the ccCSM, a resonant state is treated as a Gamow state. The MB distance is calculated as a expectation value ofr 2 with the wave function of the Gamow state. (r is the operator of the relative coordinate.) On the other hand, such the MB distance can be extracted from the electro-magnetic (EM) form factor of Λ(1405) when it is treated as a meson-baryon molecular state. According to Ref. [28] which is based on chiral dynamics as well as our study, it is found that the MB distance of the higher pole obtained through the EM form factor is almost identical to that obtained in the ccCSM. It is noted that the higher-pole energy is almost the same between both studies. Therefore, we consider that the MB distance in the ccCSM is related to the form factor of the resonance. 
Double-pole nature and theKN-πΣ coupling potential
To investigate the double-pole structure in detail, we have examined to vary the strength of theKN-πΣ coupling potential;
where a real parameter x is introduced to scale the strength of the coupling potential. Note that a similar analysis has been performed with a chirally motivated model [29] . Fig. 8 shows the behavior of higher and lower poles when x is reduced from 1.0 to 0.0, namely no coupling limit. For each value of x, we have obtained both of higher and lower poles, taking into account the self-consistency for the complex energy as done so far. As shown in the figure, with the parameter x decreasing, the higher pole approaches to the real energy axis. At x = 0, it comes onto the real energy axis below thē KN threshold located at 1435 MeV. The higher pole becomes aKN bound state in case of noKN-πΣ coupling potential. TheKN binding energy is 8.8
MeV and the mean distance is 2.08 fm. On the other hand, the lower pole moves to a smaller mass region with keeping the imaginary energy. Even at the no-coupling limit (x = 0), the lower pole remains to be a resonance. We mention to earlier studies. A prior research based on the chiral unitary model withinKN and πΣ channels [16] has shown qualitatively a similar result at the no coupling limit. The same conclusion on the double pole has been reported also by a study with a chirally motivated model [29] which involves more channels and utilizes the latest experimental data of kaonic hydrogen atom [30] .
We show ccCSM wave functions of both poles without the channel coupling at x = 0 in Fig. 9 . The higher-pole state purely consists of theKN component, whereas the lower-pole state contains only the πΣ component. TheKN wave function of the higher-pole state rapidly damps down, since this state is aKN bound state. In the πΣ wave function of the lower pole, the oscillatory behavior continues in a distance, though the wave function damps due to the complex scaling. We comment on the higher pole. As mentioned, it becomes aKN bound state at the limit of noKN-πΣ coupling. Once the coupling potential is switched on, thisKN bound state couples to the πΣ state. As a result, theKN bound state acquires a πΣ decay width to be a resonance. Therefore, the higher-pole state can be understood to be a Feshbach resonance.
We have investigated how the property of the higher-and lower-pole states changes in scaling the coupling strength x. Table 6 shows the norm of KN component in both states at each x. The composition is found to change continuously with the parameter x, as well as the poles move smoothly on the complex energy plane as shown in Fig. 8 . With the coupling strength x enhanced, the magnitude of theKN norm increases from zero in the lower pole. The lower pole is purely the πΣ state at the no coupling limit, since theKN norm is zero. TheKN component is mixed gradually to the state, increasing the coupling strength. In the higher pole, theKN component is dominant, since theKN norm is close to unity. 1 Due to the normalization of the total wave function, the πΣ norm can be calculated as 1 − Norm(KN). Hence, the πΣ component is confirmed to be mixed in the higher pole, when the coupling strength increases.
Double-pole nature and the energy dependence of potential
The most important point of the chiral SU(3)-based potential is its energy dependence due to the chiral dynamics. In this section, we consider the influence of the energy-dependence of the chiral SU(3)-based potential to the double-pole nature of the I = 0KN-πΣ system. Motivated by the earlier work [24] , we introduce an energy-independent version of our potentials.
We make a consideration on this issue with the two non-relativistic versions of our potentials (NRv1 and 2). The essential structure of these potentials are
where ω i indicates the meson energy in the channel i. Thus, the NRv1 and 2 potentials are proportional to the meson energies ω i + ω j which are attributed to the chiral dynamics. Here, we examine to remove this energy dependence by using static approximation for mesons in which the meson energies are replaced with meson masses m i + m j ; ω i + ω j → m i + m j . We denote the meson-energy-fixed potentials as "NRv1(2) (E-indep)". It should be noted that "NRv2 (E-indep)" potential is completely an energyindependent potential, since the flux factor involved in the NRv2 potential has already lost the energy dependence by an approximation from original relativistic form to a non-relativistic one. On the other hand, the "NRv1 (E-indep)" potential has still an energy dependence such as 1/ √ s involved in the flux factor. (See Eqs. (7) and (8) in Ref. [10] .) Similarly to the original potentials, the range parameters of NRv1(2) (E-indep) are determined so as to reproduce the I = 0KN scattering length obtained by Martin's analysis.
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We investigate the difference between the energy-dependent and energyindependent potentials in the scattering amplitude. Fig. 10 shows theKN and πΣ amplitudes calculated with NRv2 and NRv2 (E-indep) potentials. As seen in the figure, both potentials give the similar scattering amplitudes near theKN threshold. However, below the resonance the scattering amplitudes are very different between two potentials. The energy-independent case (NRv2 (E-indep)) shows very attractive behavior in the low energy region, compared to the energy-dependent case (NRv2). The earlier work [24] has reported a similar result that the πΣ attraction enhances in the energyindependent case. In their analysis, the πΣ scattering length is found to become more attractive compared to the energy-dependent case.
We report resonance poles of the energy-independent potentials. Fig. 11 shows the complex eigenvalues of the energy-independent potentials (NRv1 and 2 (E-indep)). The scaling angle θ is set to be 40
• . In Fig. 11 , only one eigenvalue is apparently apart from 2θ lines in each potential and it can be identified to a resonance pole. As summarized in Table 7 , the pole position of this resonance (Z H of E-indep.) is close to that of the higher pole of the energy-dependent case (Z H of E-dep.). The real energy (M; mass) of the higher pole is almost the same between E-dep. and E-indep. potentials. Its imaginary energy (Γ/2; half decay width) tends to be larger in the E-indep. potential than in the E-dep. potential. No other poles are found around the lower-pole region. Similar results are obtained for other f π values. In the NRv1 (E-indep) case, we searched for self-consistent solutions with respect to Table 7 : Resonance of energy-independent and energy-dependent potentials. "E-dep." means the energy-dependent potential (NRv1 and 2, f π = 110 MeV) and "E-indep." means its energy-independent version. Z H and Z L are the complex energy of the higher and lower poles, respectively. (Z = (M, −Γ/2)) Both poles are obtained with the complexrange Gaussian basis (ω = 2.0) at θ = 40
• . All energies are in unit of MeV. ) Therefore, the double-pole structure of I = 0KN-πΣ system is attributed to the energy dependence of the chiral SU(3) potential. We consider that the lower pole, in particular, is generated by this energy dependence. It should be noted that a similar analysis was performed also in Ref. [24] , in which a separable potential in momentum space was considered and T matrix was obtained in a usual way. It is confirmed that our result has a similar tendency with their result. In particular, our result of NRv2 with f π = 90 MeV is found to be quantitatively the same as their result of Model B, as we summarize in Table 8 . They found a lower pole as a virtual state in the energy independent case. However, we can not find it because the complex scaling method can not treat virtual states directly. In our energyindependent potential, there is a possibility that the lower pole may exist as a virtual state, not a resonance state.
NRv1
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Summary and future plan
We have investigated a hyperon resonance Λ(1405) which is well established to be a hadron-molecular state ofKN-πΣ system with s-wave and I = 0, using the coupled-channel Complex Scaling Method (ccCSM). Employing a complex-range Gaussian basis in the ccCSM and using a chiral SU(3)-based potential proposed in our previous work [10] , we have successfully confirmed the double-pole structure of Λ(1405) as pointed out by many studies with chiral SU(3) models. In our previous study with real-range Gaussian basis [10] , we found only a single pole which corresponds to the higher pole of Λ(1405). The complex-range Gaussian basis improves the description of the oscillatory behavior of continuum and resonance wave functions at large distance, since it involves trigonometric functions. Owing to this improvement, the eigenvalues of resonance poles with large decay width are clearly separated from the 2θ line indicating continuum states, although the separation of eigenstates is obscure for the real-range Gaussian basis. As a result, we have clearly obtained the lower pole as well as the higher pole. In case of a non-relativistic version of our chiral SU(3)-based potential, the lower pole is found at (M, −Γ/2) = (1350, −66) ∼ (1425, −163) MeV when the f π value runs from 90 MeV to 120 MeV. The eigenvalue of the lower pole depends strongly on the f π value, while that of the higher pole is quite independent to keep staying around (1420, −20) MeV.
An advantage of the ccCSM is to obtain a wave function of a resonant state. We have confirmed that the ccCSM wave functions of both resonance poles exhibit the correct asymptotic behavior, comparing with the analytic form of resonance wave function in asymptotic region. Therefore, the ccCSM wave function obtained in our calculation is considered to be reliable numerically. Analyzing the ccCSM wave functions explicitly, we have revealed the nature of two resonance states just at the pole position on the complexenergy plane. The major component of the lower-pole state is found to be the πΣ component, whereas the higher-pole state is dominated by theKN component, as former studies suggested that the lower (higher) pole couples strongly to the πΣ (KN) state. The πΣ wave function of the lower pole oscillates upto far distance, while theKN wave function of the higher pole is localized in a small distance. Thus, we conclude that the lower pole has qualitatively different nature from the higher pole.
The ccCSM with the complex-range Gaussian basis is reliable on the identification of resonance poles and the analysis of their properties. It should be noted that we need a careful treatment for the very long-range behavior of the ccCSM wave function. In case of the lower pole, at very far distance (more than 50 fm) the ccCSM wave function shows the tiny amplitude, but deviates from the analytic form of the asymptotic wave function of the resonance. The tiny deviation of the order of 10 −5 can affect the calculation of the mesonbaryon mean distance numerically. Utilizing the asymptotic wave function together with the ccCSM wave function, we have obtained a stable value of the mean distance for the lower-pole state. The obtained mean distance is very small and has the imaginary part comparable to (in some case larger than) the real part; for example, 0.06 − 0.46i fm at f π = 110 MeV. On the other hand, for the higher pole the mean distance has small imaginary value such as 1.4 − 0.3i fm. For a broad resonance such as the lower-pole state, it is difficult to interpret the meaning of the mean distance intuitively, even if its matrix element can be calculated.
In order to know the origin of the double-pole nature, we have made further investigation with the ccCSM. As the strength of theKN-πΣ coupling potential is scaled, the energy position and property of both poles change continuously. When the coupling potential is completely switched off, the higher-pole state becomes a pureKN bound state, while the lower-pole state becomes a πΣ resonance state. We have examined an energy-independent KN potential which is constructed from our chiral potential by the static approximation. Then, only a single pole is found near the higher pole of the original energy-dependent potential, and no poles are found in the lower-pole region. Therefore, we conclude that the double-pole structure, especially the lower pole, is generated by the energy dependence of the chiral potential.
Thus, the coupled-channel Complex Scaling Method has successfully revealed the double-pole nature of theKN-πΣ system which is involved by chiral SU(3)-based potentials. Through the present study, we expect that the ccCSM is quite a powerful tool to investigate resonant states of hadronic systems as well as nuclear system. Since the ccCSM can easily be applied to many-body system, we will tackle a three-body system "K − pp" which is a prototype of kaonic nuclei. New experimental results on the K − pp are being reported from J-PARC [32, 33] . In a viewpoint of our study, the lower-pole state of Λ(1405) as well as the higher-pole one is considered to couple to the K − pp. It is interesting to investigate how the double pole affects the K − pp. The ccCSM is generally applicable to mesic nuclei other than kaonic nuclei. Since mesic nuclei have decay modes in usual case, most of mesic nuclei are considered to be a resonance state rather than a bound state, if they exist.
We will investigate various kinds of mesic nuclei such as η [34] , η ′ [35] and ω mesic nuclei.
